In response to iron deprivation, Escherichia coli induces the expression of numerous outer membrane (OM) proteins that function in the transport of ferric siderophores (30) . Among these is FepA, which facilitates the uptake of the native E. coli siderophore, ferric enterobactin, across the OM. FepA also acts as the cognate OM receptor for colicins B and D (12, 34) . Passage of all three molecules through the cell envelope requires the function of TonB and ExbB (14, 34, 47) . The specific details of the interaction of FepA with its ligands are unknown, but the colicin-and siderophorebinding domains of the receptor have been separated genetically (23) and by their thermal denaturation properties (16) . The physical characteristics of FepA are also unknown, but its predicted structural features (11, 20) indicate that it is a protein dominated by ,-sheets, with highly antigenic stretches of hydrophilicity interspersed throughout its sequence. In this sense, FepA resembles several other E. coli OM proteins, including OmpA (15, 37) , OmpF (10, 27, 38) , PhoE (17) , and LamB (3, 9, 39) . Models of bacterial OM protein structure, which are largely based on analysis of porins (3, 10, 17, 38, 39, 46) and OmpA (37, 46) , emphasize the likelihood of membrane-spanning 1-strands and -sheets that are perpendicular to the plane of the bilayer. These conclusions result from the study of bacteriophage resistance mutations (9) , antibody-binding domains (39) , gene fusions (45) , and spectrophotometric data (10, 17, 25, 27) .
In this study we have used immunochemical analysis of monoclonal antibody (MAb)-binding sites and antibody inhibition of colicin killing and siderophore uptake to identify cell surface-exposed peptides of the ferric enterobactin receptor. Antibodies that recognize FepA surface epitopes fall into three distinct categories: those that block ligand interaction with FepA and bind it in bacteria with a complete lipopolysaccharide (LPS) core; those that inhibit ligand interactions and react with their epitope only if the LPS core structure of the host strain is truncated; and those that recognize their epitope if the LPS core is truncated but nevertheless do not inhibit ligand binding. The ferric enterobactin-and colicin-binding domains of FepA are not discriminated by the antibody binding studies we report herein and in fact seem identical to one another.
MATERIALS AND METHODS
Bacterial strains and media. Bacteria were grown in LB medium (24) or T medium (18) . Bacterial strains, plasmids, and phage used in this study are listed in Table 1 . KDF29, a CL29 derivative (4) , was made recA by transduction with a P1 lysate grown on E. coli K-12 strain JC10240 (5, 24) . Tetracycline-resistant, UV-sensitive transductants were made FepA-by selection for spontaneous colicin B resistance and subsequently immunoblotted with rabbit antiFepA serum to confirm the absence of the protein. Phage K3hl, a host range mutant of K3, was used to select KDF101, an OmpA-mutant of SA8, as described previously (22) . Lack of OmpA in this strain was verified by immunoblot with polyclonal anti-OmpA serum. pITS449RV8, an EcoRV deletion mutant of pITS449, was constructed by using standard molecular genetic techniques (21) . pFP24 was constructed as described previously (26) and encodes a FepA::PhoA fusion protein containing the first 24 mature FepA amino acids.
The level offepA expression in the bacteria was controlled Antibody isotypes and concentrations. The immunoglobulin heavy-chain class of each MAb was determined by ELISA. Plates were coated with a mixture of TXFepA (10 ,ug/ml) and dFepA (10 ,ug/ml), blocked with 1% BSA for 1 h, and incubated with anti-FepA ascitic fluid (1%) for 1 h. Classspecific GaMIg (Zymed) was added, the preparation was incubated for 1 h, and the assay was developed with rabbit anti-goat AP (Sigma).
Antibody concentrations were also determined by ELISA. Microtiter plates were coated with GaMIg (Fc specific) by incubation with a 0.1% solution of the sera in 0.01 M NaHPO4 (pH 7.5) (26), except that vesicles were centrifuged at 11,000 x g for 30 min. Stained material was analyzed on a Coulter EPICS V flow cytometer/cell sorter for green fluorescence.
Ferric siderophores. Purified enterobactin (1.5 ,umol) was dissolved in 0.5 ml of methanol, and FeCl3 (0.5 ,umol) dissolved in 0.4 ml of 0.05 N HCI was added. For preparation of [59Fe]enterobactin, 59FeCl3 was used (0.5 ,umol; 5.5 mCi/,umol; Dupont, NEN Research Products, Boston, Mass.). The mixture was incubated for 30 min, and 0.1 ml of 0.5 M NaHPO4 (pH 7.0) was added to form the iron complex. The solution was analyzed spectrophotometrically to determine its exact concentration of ferric enterobactin (eMM = 5.6) and adjusted to 0.5 mM if necessary by addition of distilled water.
Ferrichrome, purified from Ustilago sphaerogena (29) , was reconstituted in 0.05 M NaHPO4 (pH 7.0) at 0.5 mM and diluted as necessary. [59Fe]ferrichrome was prepared in the following manner. Ferrichrome (25 mg in 1.25 ml of distilled water) was deferrated by incubation with 1 N NaOH (1.25 ml) for 30 min at 0°C. Insoluble Fe(OH)n was removed by centrifugation, and the solution of deferriferrichrome was adjusted to neutrality by addition of 1 N HCl at 0°C.
[59Fe]ferrichrome was formed by the addition of 1.5 ,mol of deferriferrichrome to 0.5 ,umol of 59FeCl3 in 0.05 N HCl. The solution was analyzed spectrophotometrically (erm = 2.9) to determine its exact concentration of ferrichrome and adjusted to 0.5 mM if necessary by addition of distilled water.
Siderophore uptake experiments. Two methods were used to assess the ability of MAbs to inhibit siderophore uptake. As an initial screen of the antibody test panel, a modification of the siderophore nutrition assay (48) was used. A total of 107 cells of the entA strain BN1071, grown previously in nutrient broth containing 100 puM deferriferrichrome A, were incubated with 0.01 pig of anti-FepA MAb for 30 min. Then 1 ml of molten nutrient agar containing 100 ,uM deferriferrichrome A was added, and the cells were plated in 45-mm-diameter dishes. A sterile disk containing 2 pI of 50 puM siderophore (either ferric enterobactin or ferrichrome) was applied to the center of the dish, which was incubated at 37°C. The presence or absence of a growth halo around the disk was scored after 4, 6, and 8 h. To evaluate the specificity of antibody inhibition of siderophore uptake, inhibition of ferrichrome transport was also tested.
To quantitatively assess the ability of anti-FepA MAb to inhibit ferric enterobactin transport, 59Fe-siderophore uptake experiments were performed (23) . BN1071 or KDF29 was cultured in L broth and subjected to iron stress at a density of 8 x 107 cells per ml by the addition of 100 puM deferriferrichrome A (18) . After 3 h, the bacteria were pelleted by centrifugation and then washed with and suspended in uptake medium (M63 minimal medium [24] ) at 4 x 109/ml. Bacteria (108) were incubated with ascitic fluid containing individual MAb (10 ,ug in 25 ,ul) for 30 min at 0°C; 1 ml of uptake medium was added, and the bacteria were incubated for 10 min at 37°C with shaking (250 rpm).
[59Fe]enterobactin or [59Fe]ferrichrome was added to 1 ,uM, and the bacteria were incubated for 15 min at 37°C with shaking. The cells were diluted to 4 ml with 10 mM EDTA, filtered onto 0.2-p.m-pore-size filters, and washed with 10 ml of 0.9% saline. The filters were counted in a Packard gamma scintillation counter.
Colicin binding experiments. Anti-FepA MAb were tested for their ability to block colicin killing by a modification of the method of Guterman (12, 13) . BN1071 or its fepA, cir, or tonA derivatives were diluted in L broth to 104 cells per ml, and 100 ,ul was incubated with 0.01 p.g of MAb for 15 min. A dilution of appropriate colicin (in L broth) that gave approximately one hit per cell was added and incubated for 15 min. Soft agar (2.5 ml [24] ) was added, and the mixture was poured onto LB plates and incubated overnight at 37°C. Colonies were counted, and the number of hits per cell in the presence or absence of the anti-FepA MAb was determined by the relationship SISO = e-k, where SO is the number of cells plated (colonies in the absence of colicin), S is the number of cells that survive exposure to colicin (colonies in the presence of colicin), and k is the number of hits per cell (12, 13) .
RESULTS
Generation and characterization of anti-FepA MAbs. AntiFepA hybridomas were identified initially by ELISA, using microtiter plates coated with a mixture of TXFepA and dFepA, even though these preparations contained minor amounts of other OM antigens, including TonA, OmpA, Cir, OmpF, and LPS. Positive hybridomas were expanded and immediately assayed by Western immunoblot to determine their specificity. Roughly 80% of the hybridomas isolated in this manner recognized FepA, and the remainder reacted with the other antigens noted above. Western analysis at this stage was essential to the ultimate isolation of monoclonal hybridomas and the understanding of MAb specificity, because several of the initial isolates were not monoclonal and produced multiple different antibodies that recognized TonA, OmpA, OmpF, or LPS in addition to FepA. Each hybridoma was subcloned (usually twice) until monoclonal specificity could be demonstrated by immunoblot.
Hybridomas were grown as ascitic tumors, and ascitic fluids were collected, diluted, and assayed by ELISA and Western blot. A test panel containing 36 antibodies of interest was assembled. MAb in ascitic fluids were characterized with respect to immunoglobulin isotype and concentration (Table 2) ; the antibodies in the panel were normalized to 0.1 p.g/ml for cytofluorimetric studies.
MAb specificity. The panel of 36 MAb was tested by immunoblot for reactivity with FepA::PhoA fusion proteins (Fig. 1) . These chimeric proteins, generated previously by transposition of TnphoA into the fepA structural gene of pITS449, contain various lengths of the amino terminus of the FepA protein (26) . Since the level of FepA expression and its susceptibility to endogenous proteolysis varied among the mutant strains (26) , the amount of full-length mutant protein in each sample was initially estimated by immunoblot with polyclonal anti-PhoA or anti-FepA serum, and sample concentrations were appropriately normalized for further experiments (Fig. 1) . Immunoblot analysis of the FepA::PhoA fusion polypeptides revealed seven distinct domains of the receptor (residues 2 to 24, 27 to 56, 100 to 178, 178 to 227, 258 to 290, 290 to 352, and 382 to 400) that were recognized by antibodies within the test panel (Table  2 ). An example of the immunoblot mapping procedure is shown in Fig. 1 Other hybridomas were isolated which produced antibodies that reacted with Cir (MAb 9), TonA (MAb 32 and 36) OmpA (MAb 19), and LPS (MAb 46 and 53) ( Table 2) ; these were used as controls in the 'analysis of anti-FepA MAb surface reactivity and ligand-binding inhibition (see below).
Surface-reactive MAb. To identify MAb that recognized surface-exposed determinants of FepA, the test panel was assayed cytofluorimetrically for reactivity'with intact bacteria. Cells of the rfa+ strain SA8, the rfaD strain KDF29, or their OM protein-deficient or plasmid-containing derivatives (Table 1) were incubated with MAb, stained with FITCGaMIg, and analyzed for green fluorescence by flow cytometry. FepA expression in these bacteria was maximized by the fur nmutation of SA8 and growth of KDF29(pITS449) in iron-deficient minimal media. The overexpression of'FepA in these strains was confirmed by immunoblot (data not shown).
MAb 31, 35, 44 , and 45 bound to SA8 (fepA+) cells but not to RWB18-60 (fepA), indicating their specificity for outer surface-exposed epitopes of FepA (Table 2 ; Fig. 2A ). These antibodies also exhibited FepA-dependent adsorption to KDF29(pITS449). MAb 37 was similar but distinct in that its binding to FepA in SA8 was only weakly positive and greatly enhanced in the rfaD strain (Fig. 2B) (Fig. 2C) . MAb within this group recognized FepA eiptopes that were shielded from antibody binding in SA8 by the-LPS core and became accessible to antibody binding only in its absence. It is relevant that all of the antibodies in this category bound FepA epitopes that were distinct from the residues within region 290 to 339 ( Table 2) .
The Cir-specific MAb 9 reacted cytofluorimetrically with cir+ strains KDF29 and RWB18-60 but not the cir strain SA8 ( MAb inhibition of ferric enterobactin uptake and colicin killing. Siderophore uptake in the presence of MAb was measured by both siderophore nutrition assays (48) and 59Fe siderophore transport studies (23) . The results of these two methods were always consistent with each other. For inhibition of colicin killing, the method of Guterman (12, 13) 45 showed greater ability to protect the rfaD strain against colicin killing and inhibit ferric enterobactin transport than did the rfa+ strain BN1071 (Table 2) . MAb 37, which recognized an epitope within region 290 to 339 but did not significantly inhibit colicin B killing or ferric enterobactin uptake in the rfa' strain, strongly blocked both colicins and siderophore in KDF29(pITS449) ( Table 3 ). This inhibitory effect of the intact LPS core on the reactivity of MAb 37 differentiates it from the other antibodies that bind epitopes within region 290 to 339.
Unlike the anti-FepA-or anti-Cir-mediated inhibition of killing by colicin B or Ia, respectively, anti-LPS MAb 46 and 53 reacted with residues in the LPS core (see above) to prevent the killing by colicins B, D, Ia, and M. This phenomenon is illustrated by the fact that MAb 46, which apparently recognizes residues in the distal portion of the LPS core (see above), inhibited colicin killing of rfa+ strains, whereas MAb 53, which reacts with LPS either in the 2-keto-3-deoxyoctulosonic acid region of core or in the lipid A moiety, significantly inhibited colicin killing only in deep rough, rfaD strains (Table 3 ). These data indicate that antibody binding to LPS may generally inhibit the killing activity of group B colicins, ostensibly through steric hindrance at the stage of adsorption to the OM. Native FepA structure. FepA and Cir migrated with characteristic mobilities in SDS-PAGE after denaturation by heating in solutions of SDS to Rf values of 0.34 (81 kDa) and 0.37 (74 kDa), respectively (Fig. 3) . The availability of anti-FepA and anti-Cir MAb allowed us to determine the mobilities of these OM proteins in SDS-PAGE without heat denaturation and, in the process, identify electrophoretic forms of FepA and Cir that were previously unrecognized. If solubilized in SDS without heating and subjected to SDS-PAGE, both proteins exhibited multiple electrophoretic forms with increased mobilities relative to those of the SDS-denatured proteins (Fig. 3) . When such gels were subjected to Western immunoblotting, FepA showed a minor band of Rf 0.45 (61 kDa) and a major band of Rf 0.47 (56 kDa). The latter band could be resolved as a triplet on extended electrophoresis (data not shown). Cir had two major nondenatured forms (Fig. 3) with RA of 0.53 and 0.59 (46 and 37 kDa, respectively) and a triplet of minor bands with an approximate Rf of 0.56 (43 kDa). The results we report suggest that all three ligands bind FepA within a relatively short, surface-exposed sequence of the receptor that is bounded by residues 290 and 339. Antibody recognition of a surface-exposed epitope in this region inhibits both ferric enterobactin uptake into the cell and killing by either colicin. By themselves, these Numerous E. coli membrane proteins exhibit atypical mobility in SDS-PAGE that depends on sample preparation conditions (25, 28, 38, 40) . Such proteins contain extensive P structure that imparts a compactness to their form, increasing their electrophoretic mobility (40 Using the accumulated data on the surface epitopes and putative ligand-binding domains of FepA, as well as the predicted hydrophobicity (6) and hydrophobic moment (7) of the receptor, we have constructed a theoretical model of its structure in the bacterial OM. We base this hypothesis on the following facts. (i) FepA contains cell surface-exposed epitopes in regions 27 to 37, 204 to 227, 258 to 290, 290 to 339, and 382 to 400. (ii) The predominant secondary structure of FepA is probably P-sheet. Several other enteric bacterial OM proteins, including OmpA, OmpF, LamB, and PhoE, consist almost exclusively of P structure (3, 10, 17, 37) . Although spectrophotometric data on the purified native receptor are not available, the heat modifiability of FepA in SDS-PAGE (Fig. 3) is consistent with a compact native structure dominated by P-strands (15) . (iii) The FepA polypeptide is not particularly hydrophobic (6) , and in fact contains numerous strongly hydrophilic domains interspersed throughout its sequence. Examination of FepA hydrophobic moment (7), however, shows that the protein contains many amphiphilic stretches of sufficient length to span the OM lipid bilayer in P structure. The mean hydrophobicities of the opposing faces of these putative P-strands are consistent with the hypothesis that they interact with a hydrophobic surface on one side and a hydrophilic surface on the other (Fig. 4; 36) . The hydrophobic faces of these amphiphilic transmembrane strands are expected to interact with the OM lipid bilayer; the hydrophilic faces may circumscribe a water-filled pore (Klebba et 
